
Vaccine 24 (2006) 6886–6892

Multiagent vaccines vectored by Venezuelan equine encephalitis virus
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Abstract

The development of multiagent vaccines offers the advantage of eliciting protection against multiple diseases with minimal inoculations
over a shorter time span. We report here the results of using formulations of individual Venezuelan equine encephalitis (VEE) virus replicon-
vectored vaccines against a bacterial disease, anthrax; a viral disease, Marburg fever; and against a toxin-mediated disease, botulism. The
individual VEE replicon particles (VRP) expressed mature 83-kDa protective antigen (MAT-PA) from Bacillus anthracis, the glycoprotein
(GP) from Marburg virus (MBGV), or the HC fragment from botulinum neurotoxin (BoNT HC). CBA/J mice inoculated with a mixture of
VRP expressing BoNT HC serotype C (BoNT/C HC) and MAT-PA were 80% protected from a B. anthracis (Sterne strain) challenge and
then 100% protected from a sequential BoNT/C challenge. Swiss mice inoculated with individual VRP or with mixtures of VRP vaccines
expressing BoNT HC serotype A (BoNT/A HC), MAT-PA, and MBGV-GP produced antibody responses specific to the corresponding replicon-
expressed protein. Combination of the different VRP vaccines did not diminish the antibody responses measured for Swiss mice inoculated
with formulations of two or three VRP vaccines as compared to mice that received only one VRP vaccine. Swiss mice inoculated with VRP
expressing BoNT/A HC alone or in combination with VRP expressing MAT-PA and MBGV GP, were completely protected from a BoNT/A
challenge. These studies demonstrate the utility of combining individual VRP vaccines into multiagent formulations for eliciting protective
immune responses to various types of diseases.
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. Introduction

Recent events involving Bacillus anthracis and increased
oncerns about the use of biological agents in acts of terrorism

nd warfare have increased the need for the rapid develop-
ent of vaccines against a wide range of bacteria, toxins, and

iruses [1]. The National Institute of Allergy and Infectious
iseases (NIAID) has classified biological organisms and
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oxins that could be used in bioterrorism and biowarfare as
ategory A, B, or C priority pathogens/agents. We have devel-
ped a multiagent vaccine utilizing the Venezuelan equine
ncephalitis (VEE) virus replicon as a vector for botulinum
eurotoxin (BoNT), anthrax, and Marburg virus (MBGV),
ll of which are classified as category A pathogens/agents.
he VEE vaccine vector system used in the studies described
ere is composed of an RNA replicon and a bipartite helper
ystem for packaging the replicon into propagation-deficient
EE replicon particles (VRPs) [2]. The replicon contains a
ultiple cloning site immediately dow
nstream of the 26S promoter, which allows insertion of

eterologous genes in place of the viral structural genes.
otransfection (by electroporation) of cells in vitro with a

ecombinant VEE replicon and two helper RNA molecules,
he latter encoding all of the VEE structural proteins, results in
he production of propagation-deficient VRPs. When admin-
stered to an animal, the VRP infect host cells and lead to
he production of immunogens that stimulate an immune
esponse, but because the VRP lack structural genes, the
nfected cells do not produce progeny viral particles.

Anthrax is a disease caused by the sporulating bacterium
. anthracis and is usually associated with grazing animals.
umans may acquire the gastrointestinal or cutaneous forms
f the disease through the handling or consumption of con-
aminated meat or from the processing of contaminated ani-

al skins and wool [3]. Inhalational anthrax, the expected
isease after a bioterrorism or biowarfare event, can result
rom the inhalation of spores and has an untreated case fatal-
ty rate of essentially 100%. The current human vaccine used
n the United States, Anthrax Vaccine Absorbed (AVA), con-
ists of an aluminum hydroxide-precipitated B. anthracis
ell-free filtrate containing mostly protective antigen (PA),
as licensed in 1970 by the Food and Drug Administration,

equires a six-dose primary series and yearly boosters, and
auses reactogenicity in up to 30% of vaccine recipients [3,4].
he ability of PA to elicit antibody responses and to protect
nimals from challenge has been demonstrated in a number
f studies and that antibody responses in rabbits have been
hown to correlate with protection [5–10]. In addition, anti-
A antibodies have been shown to function to prevent the
ffects of anthrax toxin [11,12], and also appear to inhibit
pore germination and enhance the phagocytic and sporici-
al activity of macrophages [12,13]. In anthrax vaccination
tudies using the VEE replicon, our group previously showed
omplete protection of A/J and CBA/J mice inoculated subcu-
aneously with VRP expressing the mature 83-kDa PA gene
MAT-PA) against a B. anthracis (Sterne strain) challenge
14].

Clostridium botulinum, the organism that causes botulism,
roduces one or more of the seven serotypes of BoNT
serotypes A–G). The disease resulting from the activity of

oNT occurs through the inhibition of neuromuscular stim-
li [15–17]. Food poisoning, infant botulism, and wound
otulism are the three most common BoNT diseases affecting
umans. BoNTs are the most toxic compounds known, with

a
t
t
B
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n estimated toxic dose of 1 ng/kg of body weight. Previous
esearch showed that polyclonal antibodies to one serotype
an only block the effects of the homologous serotype [18].
he current human vaccine, which is administered under

nvestigational New Drug (IND) status to at-risk laboratory
ersonnel, is prepared as a toxoid and contains five of the
even serotypes (A–E). The toxoid vaccine is given as a pri-
ary series of four inoculations administered at 0, 2, 12, and

4 weeks, followed by a booster at 1 year, and is reactogenic
n up to 20% of the recipients. The vaccine is expensive to

anufacture and producing the large amounts of active toxin
ecessary for the toxoiding process poses safety and security
ssues. Vaccines composed of recombinant BoNT fragment

(HC) combined with adjuvant have been shown to protect
ice from the effects of homologous toxin challenges and

hat antibody responses correlated with protection [19–21].
accination of humans with toxoided BoNT F combined with
djuvant has been shown to stimulated antibody responses
hat were determined to be protective in a mouse bioassay
22]. We previously cloned the BoNT/A HC fragment into
he VEE replicon and have shown complete protection in

ice inoculated with the corresponding VRP vaccine (A/HC
RP) [23]. The mice produced high antibody responses, sur-
ived challenges of up to 100,000 LD50 units of BoNT/A,
nd were protected for up to 1-year post-vaccination.

Marburg virus (MBGV), a filovirus belonging to the
iloviridae family, has the potential for aerosol dissemina-

ion and weaponization by terrorists. Originally recognized in
967, MBGV has caused few natural outbreaks and remains
s a sporadic disease in southeast Africa [24,25]. Several
ethods have been used to develop MBGV vaccines and

nclude using DNA expressing glycoprotein (GP) [26], irradi-
ted (killed) MBGV [27], or baculovirus-expressed truncated
P [27]. Gene-gun inoculations of approximately 2.5 �g of
NA divided between four sites on the abdomens of guinea
igs protected 100% of the animals from a lethal challenge
f MBGV. Previous results by others showed that guinea pigs
noculated with VRP expressing MBGV GP or nucleoprotein
NP) were completely protected from a lethal MBGV chal-
enge [28]. Because of safety concerns, cloned genes from

BGV are more desirable than using irradiated MBGV in the
evelopment of multiagent vaccines. In the studies presented
ere, we demonstrated immunogenicity against MBGV and
fficacy against anthrax and botulinum neurotoxin of multi-
gent VEE replicon-vectored vaccines in mice.

. Materials and methods

.1. Preparation of the VRP vaccines

Construction of the VEE replicon vector, the capsid helper,

nd the glycoprotein helper, which contains attenuating muta-
ions, was as previously described [2]. Construction, charac-
erization, and assembly of the replicons into VRP for the
oNT/A HC, the anthrax MAT-PA replicon, the MBGV-GP
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eplicon, and the negative control comprising mutagenized
taphylococcal enterotoxin B (mSEB) replicon were prepared
s previously published [14,23,28,29]. The BoNT/C HC gene
as PCR-cloned into the VEE replicon plasmid by using
la I restriction enzyme recognition sequence—gene spe-
ific primers. The VRP titers are expressed as focus-forming
nits (FFU) where 1 FFU is equivalent to 1 infectious unit
iu).

.2. Vaccination and challenge of mice

Swiss and CBA/J mice were inoculated subcutaneously
s.c.) behind the neck with either a single VRP or with a
ixture of VRPs at a dose of 107 iu of each VRP in 200 �l

f phosphate-buffered saline (PBS) on days 0, 35, and 70.
o adverse reactions or side effects were noted in mice

eceiving individual or combination VRP vaccines. The mice
ere challenged intraperitoneally (i.p.) on day 105 or 164
ith 1000 50% median lethal doses (MLD50) of BoNT/A or
oNT/C (Metabiologics, Inc., Madison, WI) diluted in PBS
ontaining 0.2% gelatin, respectively. CBA/J mice were chal-
enged s.c. on day 105 with 10 LD50 units (2 × 108 spores) of
eat-shocked spores of the Sterne strain of B. anthracis. Pos-
tive control mice were inoculated s.c. with 0.1 ml of anthrax
accine adsorbed (AVA, Bioport Corp., Lansing, MI) or with
.1 ml of pentavalent botulinum toxoid vaccine (serotypes
BCDE, Bioport Corp., Lansing, MI), and negative control
ice were inoculated with mSEB VRP, and all were used as

ontrols for the challenges. As a comparison, the dose of AVA
r toxoid vaccine administered to humans is 0.5 ml. Sera for
LISA were obtained 2 days before each inoculation and 2
ays before challenge.

.3. Serum ELISA

The quantity of total IgG antibody present in the serum
f vaccinated animals was measured by ELISA as previously
escribed [14,30,31]. Briefly, microtiter plates were coated
ith either E. coli-expressed PA protein (1 �g/ml), purified C.
otulinum expressed BoNT/A or BoNT/C protein (1 �g/ml),
r with purified, irradiated MBGV (2 �g/ml total protein)
iluted in PBS. Titers for BoNT/A, BoNT/C, and PA, or for
BGV are defined as the reciprocal of the last dilution with

n A405 of ≥0.1 or A405 of ≥0.2, respectively, after correction
or background. Titers below 2.00 log10 and above 5.61 log10
ere estimated for BoNT/A, BoNT/C, and PA and below
.5 log10 and above 5 log10 were estimated for MBGV. Serum
rom individual animals was assayed in duplicate and used
o calculate a geometric mean titer for the group.

.4. Statistical analysis
Using a one-tailed Fisher’s exact test to compare survival
ates between the control and treatment groups, the experi-
ents described here require a sample size of 10 mice per

roup for adequate (≥90%) power. This sample size would
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llow the experimenter to detect a minimum efficacy rate of
0% (6/10 surviving) in the treatment group compared to 0%
0/10 surviving) in the control group at a 95% confidence
evel.

Analyses were performed on log10-transformed reciprocal
ilutions of ELISA titers. After transformation, ELISA titers
et assumptions of normality and homogeneity of variance.
-tests were used to compare titers between specific groups,
ith stepdown Bonferroni correction used for multiple com-
arisons. Fisher exact tests were used to compare survival
ates between specific groups, also with stepdown Bonfer-
oni correction used for multiple comparisons. Analyses were
onducted using SAS Version 9.1 (SAS Institute, Inc., SAS
nlineDoc, Version 9.1, Cary, NC, 2004).

. Results

.1. Immunogenicity of individual VRP vaccines as
ompared to mixtures of VRP vaccines

Table 1 shows the antibody responses for Swiss mice
noculated with individual VRP or with mixtures of VRP
accines. Swiss mice inoculated on days 0, 35, and 70 with
07 iu of an individual BoNT/A HC VRP produced an anti-
ody response of 5.68 log10 against BoNT/A, as measured in
erum collected on day 103, 2 days before challenge. Inoc-
lation of Swiss mice with the same dose of BoNT/A HC
RP but in combination with either MAT-PA VRP or MBGV-
P VRP elicited similar antibody titers of less than two-fold
ifference, 5.79 and 5.90 log10, respectively (p > 0.05). Addi-
ionally, a six-fold increase in antibody titer against BoNT/A

C, 6.44 log10, was noted for mice receiving a formulation
f all three VRP vaccines (p < 0.05).

Comparing antibody responses produced by Swiss mice
noculated with MAT-PA VRP or in combination with the
ther VRP vaccines showed results similar to those noted
bove for Swiss mice inoculated with individual or mixed
oNT/A HC VRP vaccines. Mice inoculated with MAT-PA
r MAT-PA and BoNT/A HC VRP produced the same anti-
ody titer of 4.53 log10 against PA protein as measured on day
03 as compared to mice inoculated with MAT-PA combined
ith MBGV-GP VRP that produced an approximately four-

old higher antibody response of 5.13 log10 (p = 0.05). The
ombination of all three VRP vaccines stimulated antibody
esponses in the mice that were intermediate with a titer of
.92 log10 against PA protein which was approximately two-
old higher than the antibody response stimulated by MAT-PA
RP only or approximately two-fold lower than the response

timulated by the MAT-PA VRP plus MBGV-GP VRP
ix.
Swiss mice inoculated with MBGV-GP VRP, either as an
ndividual vaccine or in combination with the other VRP
accines, produced similar antibody responses that varied
pproximately two-fold or less (p > 0.05). MBGV-GP VRP
timulated an antibody response in the mice of 4.68 log10
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Table 1
Antibody responses and protection in Swiss mice inoculated with multiagent VRP vaccines and challenged with BoNT/A

Inoculuma Dose (iu or ml)b Geometric mean titer, log10 (S.D.)c Challenge agentd Survived/totale

BoNT/A PA MBGV GP

BoNT toxoid vaccine 0.1 ml 6.08 (0.25) BoNT/A 9/9
Anthrax Vaccine Absorbed (AVA) 0.1 ml 6.39 (0.34)
BoNT/A Hc VRP 107 5.68 (0.35) 2.86 (0.24) BoNT/A 9/9
MAT-PA VRP 107 4.53 (0.54)
MBGV-GP VRP 107 2.36 (0.57) 2.72 (0.25) 4.68 (0.24) BoNT/A 0/10
BoNT/A Hc VRP + MAT-PA VRP 107 each 5.79 (0.28) 4.53 (0.72) BoNT/A 10/10
BoNT/A Hc VRP + MBGV-GP VRP 107 each 5.90 (0.65) 4.53 (0.41) BoNT/A 10/10
MAT-PA VRP + MBGV-GP VRP 107 each 5.13 (0.54) 4.35 (0.46)
BoNT/A Hc VRP + MAT-PA

VRP + MBGV-GP VRP
107 each 6.44 (0.61) 4.92 (0.66) 4.41 (0.46) BoNT/A 19/19

a Mice were inoculated s.c. on days 0, 35, and 70 with the indicated vaccines.
b Infectious units were used to measure VRP and milliliters were used to measure toxoid and AVA inocula.
c The indicated proteins were used to coat ELISA plates and serum was obtained from animals bled on day 103.
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d Animals were challenge i.p. on day 105 with 1000 LD50 units of BoNT
e Significant survival was noted for all groups as compared to the appropr

gainst purified MBGV as measured on day 103 as com-
ared to antibody responses of 4.53, 4.35, and 4.41 log10
or mice inoculated with MBGV-GP VRP combined with
oNT/A HC, MAT-PA, or BoNT/A HC and MAT-PA VRP,

espectively, with no statistical differences noted between the

esponses (p > 0.05). In general, Swiss mice receiving mixes
f VRP vaccines containing BoNT/A HC or MAT-PA pro-
uced higher (BoNT/A HC or MAT-PA specific) antibody
iters than those receiving the individual vaccines while mice

m
a
c
V

able 2
ntibody responses and survival of CBA/J mice inoculated with different VRP va

Sterne strain)

noculuma Dose
(iu or ml)b

Geometric mean titer, log10 (S.D.)c F
a

BoNT/A PA BoNT/C

oNT toxoid vaccine 0.1 ml 6.48 (0.22) 4.53 (0.61) B
egative control VRP 107 1.80 (0.41) B
nthrax Vaccine
Absorbed (AVA)

0.1 ml 2.02 (0.70) 6.12 (0.29) B
S

egative control VRP 107 1.69 (0.54) B
S

oNT/A Hc VRP 107 5.22 (0.79) B
AT-PA VRP 107 5.16 (0.73) 1.33 (0.53) B

S
oNT/A Hc VRP
+ MAT-PA VRP

107 each 4.89 (0.91) 4.89 (0.86) B

oNT/A Hc VRP
+ MAT-PA VRP

107 each 4.53 (1.29) 4.65 (1.08) B
S

oNT/C Hc VRP
+ MAT-PA VRP

107 each 4.14 (1.35) 2.84 (0.30)

oNT/C Hc VRP
+ MAT-PA VRP

107 each 5.19 (0.73) 3.14 (0.19) B
S

a Mice were inoculated s.c. on days 0, 35, and 70 with the indicated vaccines. Ne
b Infectious units were used to measure VRP and milliliters were used to measur
c The indicated proteins were used to coat ELISA plates and serum was obtained
d Animals were challenged s.c. on day 105 with either 10 LD50 units (2 × 108 s

ndicated.
e Animals were successively challenged i.p. on day 164 with either 1000 LD50 un
f Significant survival was noted for these groups as compared to the appropriate n
ative control, p < 0.05.

hat received mixes of VRP vaccines containing MBGV-GP
RP or the individual vaccine produced comparable MBGV-
P specific antibody titers.
Additional experiments in a second strain of mice, CBA/J,

roduced results similar to those observed for the Swiss

ice except that the mixed VRP vaccines stimulated lower

ntibody responses as compared to the individual VRP vac-
ines (Table 2). Inoculating CBA/J mice with BoNT/A HC
RP stimulated approximately three-fold less serum anti-

ccines and then challenged with BoNT/A, BoNT/C, or with B. anthracis

irst challenge
gentd

First challenge
survived/total

Second challenge
agente

Second challenge
survived/total

oNT/A 10/10f BoNT/C 9/10f

oNT/A 0/10 nc
. anthracis
terne

10/10f BoNT/A 0/10

. anthracis
terne

2/10 nc

oNT/A 9/10f BoNT/A 9/9f

. anthracis
terne

10/10f BoNT/C 0/10

oNT/A 2/10 nc

. anthracis
terne

9/10f BoNT/A 4/9f

BoNT/C 10/10f

. anthracis
terne

8/10f BoNT/C 8/8f

gative control groups were inoculated with an unrelated VRP.
e toxoid and AVA inocula.
from animals bled on day 103.
pores) of B. anthracis (Sterne) or with 1000 MLD50 units of BoNT/A as

its of BoNT/A or with 1000 MLD50 units of BoNT/C as indicated.
egative control, p < 0.05.
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odies as measured by ELISA, 5.22 log10 against BoNT/A,
s compared to antibody levels of 5.68 log10 for the Swiss
ice inoculated with the same vaccine (p > 0.05). CBA/J
ice produced approximately 12-fold less antibody when

noculated with a mix of BoNT/A HC and MAT-PA VRP,
.89 log10 for one group and 4.53 log10 for the second group
gainst BoNT/A, respectively, as compared to the antibody
evels of 5.79 log10 for the Swiss mice that received the same
ombination of vaccines (p < 0.05). The antibody response
timulated in CBA/J mice inoculated with MAT-PA VRP,
.16 log10 against PA protein, was approximately four-fold
igher than the antibody response measured for the Swiss
ice, 4.53 log10, that received the same vaccine (p < 0.05).
he antibody responses for CBA/J mice that received mixes
f MAT-PA VRP and BoNT/A HC, 4.89 log10 for one group
nd 4.65 log10 for a second group against PA protein, was
pproximately three-fold lower than the antibody response
easured for the corresponding mice that received only MAT-

A VRP, 5.16 log10, and was either approximately two-fold
igher or about the same as the response of 4.53 log10 mea-
ured for Swiss mice inoculated with the same two VRP
accines, MAT-PA VRP and BoNT/A HC, respectively. Over-
ll, the levels of antibody present in the CBA/J mice against
oNT/A trended lower than those determined for the Swiss
ice, yet remained about the same against PA for both mouse

trains.

.2. Efficacy of individual VRP vaccine as compared to
ixtures of VRP vaccines.

Inoculation of Swiss mice on days 0, 35, and 70 with
07 iu of BoNT/A HC VRP, either alone or in combinations
ith MAT-PA or MBGV-GP, or with all three VRP vaccines,

ompletely protected the mice for challenge with BoNT/A
Table 1). As expected, Swiss mice that only received MBGV-
P VRP were not protected against a BoNT/A challenge.
ecause Swiss mice are not affected by MBGV or the Sterne

train of B. anthracis, we were unable to challenge the mice
ith these agents.
Challenge of CBA/J mice with the Sterne strain of B.

nthracis did affect these mice and allowed for efficacy
esting of the vaccines containing MAT-PA VRP (Table 2).
BA/J mice inoculated with MAT-PA VRP or with a mix
f BoNT/A HC and MAT-PA VRP were either completely
r 90% protected from challenge with Sterne, respectively.
uccessive BoNT/A challenge of CBA/J mice that had previ-
usly received a mix of BoNT/A HC and MAT-PA VRP and
hat had survived the Sterne challenge on day 105, demon-
trated that four of nine mice (44%) were protected on day
64 from the effects of BoNT/A.

CBA/J mice inoculated with BoNT/A HC VRP were
0% protected from a BoNT/A challenge whereas a mix of

oNT/A HC and MAT-PA VRP poorly protected the animals

2 of 10 mice survived) from the same BoNT/A challenge.
n a comparison study, CBA/J mice inoculated a mixture of
/HC and MAT-PA VRP were completely protected from

i
m
m
i
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BoNT/C challenge or were 80% protected from a Sterne
hallenge. In the successive challenge experiment, the eight
ice that survived the Sterne challenge were also completely

rotected from a BoNT/C challenge.

. Discussion

The development of vaccines that require fewer inocula-
ions and that protect against multiple diseases or agents will
enefit first responders and at-risk laboratory personnel. Here
e report the use of the VEE replicon vector system in the

ormulation of multiagent vaccines against BoNT, MBGV,
nd B. anthracis. Previous studies established the immuno-
enicity and efficacy of the individual VEE replicon-vectored
accines, thus enabling the formulation of the multiagent vac-
ines reported here [14,23,28]. Swiss mice responded well to
ach of the components in the multiagent vaccine, as mea-
ured by serum ELISA titers, and were completely protected
rom a BoNT/A challenge. Increased antibody responses
gainst BoNT/A, approximately six-fold, were measured for
wiss mice inoculated with the three VRP vaccines as com-
ared to mice inoculated with the individual BoNT/A HC
RP vaccine (p < 0.05). In contrast, antibody responses to

he other immunogens varied by less than two-fold (p > 0.05)
etween the animals inoculated with the individual VRP vac-
ine as compared to animals inoculated with the mixed VRP
accines, except that the antibody response increased by four-
old in the Swiss mice that received the MAT-PA–MBGV-GP
RP mix as compared to those mice that received only MAT-

A VRP (p < 0.05). This demonstrates that the individual
RP components in the multiagent vaccine formulation do
ot interfere and that it is possible to create other multiagent
accines using the VEE replicon.

Since Swiss mice are not responsive to MBGV or B.
nthracis (Sterne strain) challenge, and that a B. anthracis
Ames strain) challenge can kill mice independent of their
accination status [32], a second mouse strain, CBA/J, was
valuated in a preliminary study to investigate the efficacy
f mixing BoNT/A HC or C/HC VRP with the MAT-PA
RP vaccine. CBA/J mice inoculated with a mix of BoNT/A
C and MAT-PA VRP were poorly protected (2 of 10 mice

urvived, p > 0.05 as compared to the negative control VRP
roup) from a BoNT/A challenge as compared to 90% pro-
ection in the same stain that received only BoNT/A HC
RP (p < 0.05). In contrast, a different group of CBA/J mice

noculated with the same mix of BoNT/A HC and MAT-PA
RP vaccine were 90% protected from a Sterne strain chal-

enge (p < 0.05) and that four of those nine surviving mice
ere also protected against a BoNT/A challenge (p < 0.05 as

ompared to the negative control VRP group). From these
ata, one could conclude that the MAT-PA VRP vaccine

s equally immunogenic in Swiss mice as it is in CBA/J

ice, as the ELISA titers were similar between the two
ouse strains, and that BoNT/A HC is less immunogenic

n CBA/J mice than it is in Swiss mice. The ELISA titers
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or the Swiss mice that received a mix of the BoNT/A HC
nd MAT-PA VRP vaccines were on average 12-fold higher
han the corresponding CBA/J groups (p < 0.05). This large
ifference in titers explains why the mice were not protected
nd may have resulted from a diminished immunogenicity
f the BoNT/A HC immunogen in the mice. For exam-
le, the inbred CBA/J mice, as compared to the outbred
wiss mice, may have had a limited ability to recognize

mportant epitopes in BoNT/A involved in B-cell stimula-
ion or in CD4+ helper T cell activation or that interference
aused by the MAT-PA VRP may have prevented proper
xpression of BoNT/A HC from the VEE replicon in some
nimals.

In this study, CBA/J mice inoculated with either BoNT/A
C or C/HC and MAT-PA VRP were evaluated for their abil-

ty to respond to the mixed VRP vaccines. The antibody
esponses against PA for each of the two groups of CBA/J
ice inoculated with BoNT/A HC or C/HC VRP mixed with
AT-PA VRP (for a total of four groups) was 4.89 and

.65 log10 or 4.14 and 5.19 log10, respectively, was simi-
ar to the antibody response of 4.53 log10 measured for the
wiss mice inoculated with the same BoNT/A HC and MAT-
A VRP combination (no significant differences, p > 0.05).
ven though a group of CBA/J mice inoculated with only
/HC VRP was not included in the experiment, challenge
f the CBA/J mice inoculated with C/HC and MAT-PA VRP
howed that the combination vaccine could protect 100% of
he mice from a BoNT/C challenge. The successive challenge
xperiment showed that CBA/J mice previously challenged
ith Sterne were also 100% protected from a BoNT/C chal-

enge. The antibody response to the C/HC component of the
ombination vaccine was considerably less than that mea-
ured for the BoNT/A HC component in the CBA/J mice
hat had received the BoNT/A HC–MAT-PA VRP combina-
ion. Even though the titers differed by more than 50-fold,
he antibody response protected all the CBA/J mice from

BoNT/C challenge. These data indicate that the quality,
.e., neutralizing verses non-neutralizing antibody activity,
f the anti-C/HC antibody response was considerably better
han the anti-A/HC antibody response measured for CBA/J
ice or that the BoNT/C circulated in the animals for longer

eriods before entering neurons thus allowing more time for
ntibody-mediated neutralization of the toxin in the animal
fter challenge. Additional experiments involving the use of
igher doses of BoNT/A HC VRP combined with the same
mount of MAT-PA VRP may help determine the parameters
ecessary to protect CBA/J mice from the effects of BoNT/A.
lso vaccinating additional strains of mice with the BoNT/A
C–MAT-PA VRP combination vaccine may help to deter-
ine if the poor antibody responses to BoNT/A HC, when it
as included in mixes with MAT-PA VRP, are universal or if

hey are mouse-strain specific.

The advantages of formulating multiagent vaccines by

sing the VEE replicon vector system were demonstrated by
hese studies. Specifically, individual vaccine components,
.e., the different VRPs, can be easily combined without com-
(2006) 6886–6892 6891

licated mixing requirements, mixed VRP vaccines are as
mmunogenic as the individual VRP vaccines, and formula-
ions of VRP vaccines provide similar levels of protection as
ompared to individual VRP vaccines. Other published stud-
es have shown the effectiveness of multiagent vaccines based
n DNA; however, those studies relied on separate admin-
stration of each of the vaccine components [26]. The study
eported a total of 24 inoculations split between three vaccina-
ion periods. Our multiagent VRP vaccine only required one
noculation per vaccination period thus making this type of
accine versatile, easily administered, and more acceptable to
he recipient. Multiagent vaccine formulations using the VEE
eplicon as a vector to express immunogens in a host have
road applications for both public health and for biodefense.
he multiagent vaccine reported here stimulated antibody

esponses to three NIAID category A pathogens and pro-
ided near complete protection against B. anthracis (Sterne
train) and provided complete protection against BoNT. Con-
inued development of multiagent vaccines, either as DNA,
rotein plus adjuvant, VEE replicon, or other virus vectors,
s necessary for creating user-friendly vaccines that protect
gainst the long list of public health and biological threat
gents present in the world today.
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